Abstract
A method for the extraction and analysis of eight herbicides and five degradation products using solid-phase extraction from natural water samples followed by gas chromatography/mass Spectrometry is presented in this report. This method was developed for dimethenamid; flufenacet; fluometuron and its degradation products, demethylfluometuron (DMFM), 3-(trifluromethyl)phenylurea (TFMPU), 3-(trifluromethyl)-aniline (TFMA); molinate; norflurazon and its degradation product, demethylnorflurazon; pendamethalin; the degradation product of prometryn, deisopropylprometryn; propanil; and trifluralin. The eight herbicides are used primarily in the southern United States where cotton, rice, and soybeans are produced. The exceptions are dimethenamid and flufenacet, which are used on corn in the Midwest.
Water samples received by the U.S. Geological Survey's Organic Geochemistry Research Group in Lawrence, Kansas, are filtered to remove suspended particulate matter and then passed through disposable solid-phase extraction columns containing octadecyl-bonded porouŝ .S. Geological Survey, Lawrence, Kansas. 2University of Kansas Center for Research, Inc., Lawrence, Kansas. silica (C-18) to extract the compounds. The herbicides and their degradation products are removed from the column by ethyl acetate elution. The eluate is evaporated under nitrogen, and components then are separated, identified, and quantitified by injecting an aliquot of the concentrated extract into a high-resolution, fused-silica capillary column of a gas chromatograph/mass spectrometer under selected-ion mode.
Method detection limits ranged from 0.02 to 0.05 |U,g/L for all compounds with the exception of TFMPU, which has a method detection limit of 0.32 i>ig/L. The mean absolute recovery is 107 percent. This method for the determination of herbicides and their degradation products is valuable for acquiring information about water quality and compound fate and transport in water.
INTRODUCTION
This report describes a method that uses solidphase extraction (SPE) followed by gas chromatography/mass Spectrometry (GC/MS) for the analysis of six herbicides and five degradation products, which are used primarily in the southern United States to enhance cotton, rice, and soybean production, and for two herbicides used in corn-growing areas of the Midwest. This method was developed by the U.S. Geological Survey (USGS) Organic Geochemistry Research Group in Lawrence, Kansas (Thurman and others, 1992; Meyer and others, 1993; Thurman and Mills, 1998; Zimmerman and Thurman, 1999; Thurman and others, 2000) .
Reconnaissance studies in the Midwest have shown widespread detection of herbicides. Approximately three-fourths of all pre-emergent herbicides in the United States are applied to row crops in a 10-State area of the midwestern United States where herbicides frequently are detected in surface water (Thurman and others, 1991; Gianessi and Puffer, 1995) . Because many herbicides and their metabolites are water soluble, they may leach into ground water (Hallberg, 1989; Thurman and others, 1991; Kolpin and others, 1993) as well as transported in surface runoff (Wauchope, 1978; Leonard, 1988) .
Equally important to water quality is the application of herbicides to cotton and rice in the southern United States. Cotton and rice receive three to five times more herbicides per acre than do corn or soybeans. Cotton-growing areas of the United States extend from the East Coast (The Carolinas) to the Mississippi River Delta, the Texas High Plains, and the arid deserts of the Southwest (Arizona and California). These areas of the country have different climate, precipitation, and soil types, which result in different weed and insect pressures, as well as different runoff potentials; therefore, leaching patterns often are different. Because of these considerations, the types and amounts of herbicides applied may vary considerably throughout cotton-growing areas (Coupe and others, 1998; Thurman and others, 2000) .
The analytical method described in this report was developed by the USGS to determine concentrations of the following herbicides and their degradation products: dimethenamid; flufenacet; fluometuron and its degradation products, demethylfluometuron (DMFM), 3-(trifluromethyl)phenylurea (TFMPU), 3-(trifluromethyl)aniline (TFMA); molinate; norflurazon and its degradation product, demethylnorflurazon; pendamethalin; the degradation product of prometryn, deisopropylprometryn; propanil; and trifluralin. The GC/MS method of analysis described in this report has been assigned the method code "O-2132-99." This unique code represents the automated method of analysis for organic compounds as it is described in this report and can be used to identify the method.
This report provides a detailed description of the method, including the apparatus, reagents, instrument calibration, and the SPE procedure required for sample analysis. Method detection limits, mean extraction recoveries, and relative standard deviations for the GC/MS methods also are presented.
DETERMINATION OF HERBICIDES AND DEGRADATION PRODUCTS IN WATER USING SOLID-PHASE EXTRACTION AND GAS CHROMATOGRAPHY/MASS SPECTROMETRY

Method of Analysis (O-2132-99)
Scope and Application
The method described in this report is suitable for the determination of low concentrations (in micrograms per liter) of selected cotton, rice, soybean, and corn herbicides and their degradation products in natural water samples. Registry numbers and molecular weights are shown in table 1 for each herbicide and degradation product. This method is applicable to herbicides and their degradation products that are (1) efficiently partitioned from the water phase onto an octadecyl (C-18) silica phase that is chemically bonded to a solid silica matrix and (2) sufficiently volatile and thermally stable for gas chromatography. Suspended particulate matter is removed from the samples by filtration, so this method is suitable only for dissolved-phase herbicides and their degradation products.
Herbicides were selected for analysis because of their extensive use in the United States and their importance to studies being conducted by the USGS. The calibration range for the method is equivalent to concentrations from 0.05 to 5.0 (ig/L without dilution.
Summary of Method
Natural water samples are filtered at the collection site using glass-fiber filters with a 0.7-(im nominal pore diameter to remove suspended particulate matter. In the laboratory, filtered water samples are passed through a preconditioned C-18 column. The adsorbed compounds are removed from the C-18 with ethyl acetate. The eluate is evaporated further under nitrogen. The sample components are separated, identified, and quantified by injecting an aliquot of the concentrated extract into a high-resolution, fused-silica capillary column of a GC/MS system under selected-ion mode 
Interferences
Organic compounds having identical mass characteristic ions and GC retention times to those of the herbicides and their degradation products of interest may interfere.
Apparatus and Instrumentation
Analytical balances Capable of accurately weighing 0.0100 g ± 0.0001 g. version C (Hewlett Packard, Wilmington, DE) is used to acquire and store data and for peak integration.
Reagents and Consumable Materials
Sample bottles Baked 125-mL amber glass bottles (Boston round) with Teflon-lined lids. Sample filters A 0.70-(im glass-fiber filter (Gilson, Middleton, WI). Reagent water Generated by purification through activated charcoal filtration and deionization with a high-purity, mixed-bed resin, followed by another activated charcoal filtration, and finally distillation in an autostill (Wheaton or equivalent, Millville, NJ Following USGS protocol, surface-water samples are collected with a depth-integrating technique at three or more locations across each stream (Ward and Harr, 1990) . The water samples from each site are composited in a single glass container or Teflon bottle.
Samples are withdrawn from the compositing container and filtered through a 0.70-(im glass-fiber filter using a peristaltic pump. Filters are leached with about 200 mL of sample prior to filtration of sample. The filtered material for analysis is collected in baked 125-mL amber glass bottles with Teflon-lined lids. Samples are chilled immediately and shipped to the laboratory within 3 days of collection. At the laboratory, samples are logged in, assigned identification numbers, and refrigerated at 4 °C until extracted and analyzed. Gas Chromatography/Mass Spectrometry Performance
Standards
Stock standard solutions
Evaluation of Gas Chromatograph Performance
Gas chromatograph performance is evaluated by peak shape, internal standard response, and by comparison of response factors relative to response factors obtained using a new capillary column and freshly prepared calibration solutions (a standard curve). An example of the separation and peak shape of cotton, rice, soybean, and corn herbicides and degradation products and internal standards is shown in a total ion chromatogram of a 1.0-|ig/L standard solution ( fig. 1) .
If peak shape deteriorates or if response factors fail to meet the calibration criteria, the injection liner is changed, or maintenance on the capillary column is performed to bring the gas chromatograph into compliance. Part of the inlet end on the capillary column may be removed to restore performance. Specifically, poor peak shape and a loss of response for the herbicides and degradation products susceptible to loss on injection indicate a need for immediate action.
Evaluation of Mass Spectrometer Performance
Mass spectrometer performance is evaluated by assessing isotopic ratios, contamination, electron multiplier sensitivity, and abundance. Tune the mass spectrometer before each GC/MS sample set (approximately 43 injections or three extraction sample sets) using the procedure and software supplied by the manufacturer. Parameters in the tuning software are set to give + 0.15 atomic mass unit resolution at masses 69, 219, and 502 in the spectrum of perfluorotributylamine (PFTBA). With the resolution of the 69 ion at 100-percent abundance, the mass 219 ion should be 35 +20 percent, and the mass 502 ion should be more than 3 percent relative abundance; however, their masses may vary depending on the mass spectrometer used. Check mass assignments to ensure accuracy to +0.15 atomic mass units and that mass peak widths measured at one-half the peak height range from about 0.50 to 0.60 atomic mass units. Also, during the tuning of the mass spectrometer, check the mass spectrometer for the presence of excessive water and air, which indicate leaks in the vacuum. If detected, locate and fix leaks. Initially adjust the electron multiplier of the mass spectrometer to ensure that the established reporting level for each selected compound can be achieved.
Calibration
Acquire initial calibration data by using a new capillary column and freshly prepared calibration solutions. Use these data in the subsequent evaluation of GC/MS performance. Acquire data for each calibration solution by injecting 2 (iL of each solution into the GC/MS according to the conditions already described. Calculate the relative retention time (RRTJ for each selected compound and the surrogate compounds in the calibration solution or in a sample as follows:
where RTC = uncorrected retention time of the quantitation ion of the selected compound or surrogate compound, and RTf = uncorrected retention time of the quantitation ion of the internal standard (phenanthrene-d10). See table 2 for an example of retention times and relative retention times.
Initial calibration data are entered into a computer spreadsheet (Microsoft Excel, Microsoft, Inc., Seattle, WA), and ratios are calculated for each quantitation ion relative to the internal standard (phenanthrene-d10). Graphs are made from the GC/MS data by plotting the correlation curve with the phenanthrene-d10 ratios of a single ion on the x axis and the concentrations of the standards used on the y axis. Three graphs are made for each ion, one with concentrations ranging from 0 to 0.20 (ig/L, another with concentrations ranging from 0.20 to 2.0 ^ig/L ( fig. 2) , and the final curve ranging from 0.2 to 5.0 (ig/L. This gives an intermediate and a low curve to keep the response linear. The final curve is a quadratic curve that is used to give high-end results. The low curve is plotted with one point at 0. The spreadsheet determines slopes, y intercepts, and correlation coefficient values (r2) for the graphs. Initial calibration data acquired using a new capillary column and fresh calibration solutions are acceptable if the correlation coefficient (r2) value for all curves is greater than or equal to 0.99 for all compounds. Subsequent daily response factors calculated for the majority of compounds need to agree within +20 percent of the mean response factor for the compounds analyzed. A response factor is equal to the area of the quantitation ion for the selected compound or surrogate divided by the area of the quantitation ion for the internal standard. Analyze at least two calibration standards with each sample set, one high calibration standard ranging from 0.5 to 2.0 (ig/L and one low standard ranging from 0.05 to 0.20 (ig/L to verify instrument response in each range.
Procedure
Sample preparation In the automation of sample extraction, the Autotrace workstation is used (Tekmar-Dohrman, Cincinnati, OH). Should an environmental sample contain less than 123 mL, distilled water is added to bring the volume to the required 123 mL. Any volume added is recorded. An extraction sample set consists of eight samples, one duplicate sample, two standard control samples (one high concentration and one low concentration), and one blank control sample. Each bottle is spiked with the surrogate standard solution, atrazine-d5 and terbuthylazine, at a con- conditions each SPE column by sequentially passing 1 mL methanol, 1 mL ethyl acetate, 1 mL methanol, and 3 mL distilled water through each column at a flow rate of 10 mL/min by positive pressure. Loading the sample 123 mL of sample is passed through the SPE column at a flow rate of 20 mL/min. Fluting the SPE column Each SPE column is eluted with 4.0 mL ethyl acetate to remove the compounds at a flow rate of 2 mL/min.
Spiking of internal standard solution
After all the samples in a set have been loaded and eluted, 500 \\L of 0.2-ng/piL phenanthrene-djo solution is hand spiked into each eluate.
Separation of ethyl acetate and residual water
Due to water in the SPE column that is eluted with the ethyl acetate, the ethyl acetate is transferred off of the aqueous phase into another tube. This is done manually using a pasteur pipette. Evaporation The spiked eluate then is evaporated to approximately 75 \\L under nitrogen in a water bath at 45 °C. Transfer to vials Using a baked disposable Pasteur pipette, the eluate is withdrawn from the 10-mL glass centrifuge tube into a pipette, and transferred to an appropriately labeled GC autosampler vial containing a 0.1-mL insert for GC/MS analysis. The GC autosampler vial is capped and stored at less than 4 °C until analysis by GC/MS. Sample analysis and data evaluation Ensure that GC/MS conditions for the analysis of the selected compounds in sample extracts are the same as those used in the analysis of the calibration solutions. Prior to the analysis of any sample extracts, ensure that the GC performance evaluation criteria have been met. Inject 2 jo,L of the sample extract and acquire data using the GC/MS conditions described.
Calculation of Results
Qualitative Identification
The expected retention time (RT) of the GC peak of the quantitation ion for the selected compound of interest needs to be within +6 seconds of the expected retention time that is based on the RRTC obtained from the analysis of the internal stan-dard. Calculate the expected retention time as follows:
where RTexpected retention time of the selected compound or surrogate compound, RRTCrelative retention time of the selected compound or surrogate compound, and RTjunconnected retention time of the quantitation ion of the internal standard. Mass-spectral verification for each selected compound is done by comparing the relative integrated abundance values of the selected ions monitored with the relative integrated abundance values obtained from the standard control samples. The relative ratios of the ions need to be within +20-percent of the relative ratios of those obtained in the absence of any obvious interferences. Slopes for compounds that interact with the GC inlet are modified to meet the +20-percent criteria. As samples are analyzed, the heated inlet is coated with an involatile residue. Over time, this residue builds up and causes specific sorption of some analytes, which is an inhibitory factor. The charts monitor the surrogate-to-internal-standard ratio; if the ratio is not within 20 percent of its mean, then a new standard curve is analyzed. These modifications from 0 to 20 percent are referred to as the correction factor in equation 4.
Quantitation
Calculate the volume of sample processed as follows:
where DF = dilution factor, Kpvolume not pumped, in milliliters, and Va volume added, in milliliters. The dilution factor is incorporated into the calculation for determining final concentrations in samples.
If a selected compound has passed the aforementioned qualitative identification criteria, calculate the concentration in the sample as follows:
concentration of the selected compound or surrogate compound in the sample, in micrograms per liter; area of the quantitation ion for the selected compound or surrogate identified; area of the quantitation ion for the internal standard; slope of correlation curve between the selected compound and phenanthrene-dlo from the original calibration data; y intercept of correlation curve between the selected compound and phenanthrene-dlo from the original calibration data; dilution factor as described in equation 3; and correction factor.
Reporting of Results
Concentrations of herbicides and degradation products are reported from 0.05 to 5.0 Hg/L without dilution. If the concentration is greater than 5.0 Hg/ the sample extract is diluted (volume increased to approximately 150 [iL with eluting solvent) and reanalyzed. If the concentration is greater than 10 Hg/ the sample is re-extracted with a 1:10 dilution (sample:distilled water) and re-analyzed for those compounds with concentrations greater than 10
Method Performance
A reagent-water sample, a surface-water sample collected from Poison Creek in Valley County, Idaho, and a ground-water sample collected from a well in Valley County, Idaho, were used to test the performance of the GC/MS method. The surface-and ground-water samples were collected in 45-L carboys and were split into 123-mL samples. One set of seven samples was spiked with 0.2 Hg/L of each herbicide and degradation product of interest, and one set of samples was spiked with 1.0 Hg/L of each herbicide and degradation product of interest. In addition, unspiked samples of surface and ground water were extracted and analyzed to determine background concentrations of the herbicides and degradation products. All subsamples were analyzed in one laboratory, the USGS Organic Geochemistry Research Laboratory in Lawrence, Kansas, using one GC/MS system. Each sample set was extracted and analyzed on different days intermittently between sample sets so that comparison of different matrices and concentrations included bias from day-to-day variation. Method recoveries from the analyses are listed in tables 3 through 5.
Mean recovery: Mean recovery in reagent-, surface-, and ground-water samples was determined by comparing the mean calculated concentration from seven replicate samples as shown in the "Quantitation" section to the spiked concentration (0.2 |J,g/L).
Corrections for background concentrations: Neither surface-nor ground-water samples required correction for background concentrations of compounds. All unfortified reagent-water samples also had no detections.
Method detection limits (MDL's):
An MDL is defined as the minimum concentration of a compound that can be identified, measured, and reported with a 99-percent confidence that the compound concentration is greater than zero. MDL's were determined according to procedures outlined by the U.S. Environmental Protection Agency (1992). Seven replicate samples of reagent water fortified at 0.05 \JigfL were analyzed to determine MDL's (table 6). Each sample was analyzed on different days during May and June 1998, so day-to-day variation was included.
The MDL was calculated using the following equation: The estimated MDL's ranged from 0.02 to 0.32 |j,g/L (table 6). According to the U.S. Environmental Protection Agency (1992) procedure, the fortified concentrations should be no more than five times the estimated MDL. The fortified concentrations were within five times the MDL.
Standard deviation: Standard deviations for replicate concentrations in reagent-, surface-, and groundwater samples were determined for all compounds.
Absolute recovery: Absolute recovery of each compound was determined by comparing eight replicate samples processed using this procedure to solvent spiked with the compounds injected directly into the GC/MS at 1.0-|J,g/L concentrations. Compound quantitation-ion ratios to internal-standard target-ion ratios were compared. Absolute recoveries are listed in table 7. Absolute recovery is different from the mean recoveries listed in tables 4-6 in that mean recoveries are calculated from an initial calibration curve that is processed in the same manner as the samples, thus correcting for routine analyte losses. Absolute recoveries ranged from 74 to 123 percent, with a mean absolute recovery for all compounds of 107 percent (table 7) .
CONCLUSIONS
This report presents a method for routine analysis of eight herbicides and five degradation products in natural water samples. From the data presented in this report, SPE and GC/MS combine to produce a sensitive and reliable method for the determination of low concentrations of the selected herbicides and degradation products in natural water samples.
Concentrations of herbicides and degradation products are reported from 0.05 to 5.0 Hg/L without dilution. Method detection limits ranged from 0.02 to 0.05 |J,g/L for all compounds with the exception of TFMPU, which has a method detection limit of 0.32 \JigfL. The mean absolute recovery for all compounds is 107 percent. 
